pressure gradient across a regurgitant valve can be estimated accurately by measuring the high flow velocity of the regurgitant jet with continous-wave Doppler echocardiography and by applying the simplified Bernoulli equation. '3"15 Recently, Hatle and Angelsen`9 indicated that measurement of pulmonary regurgitant flow by continuous-wave Doppler echocardiography had a potential for estimating pulmonary artery-to-right ventricular pressure gradient. Thus, in the presence of pulmonary regurgitation, continuouswave Doppler echocardiography might be useful for estimating not only the pulmonary artery-to-right ventricular pressure gradient but also pulmonary artery pressures. Waggoner et al.20 reported that the incidence of pulmonary regurgitation was greater in patients with pulmonary hypertension than in patients without pulmonary hypertension. Yock et al. 2' ob- served that pulmonary regurgitation could be detected even in normal adults at an incidence of 40% by continuous-wave Doppler echocardiography. More recently, Takao et al. 22 indicated that pulmonary regurgi-tation, even though it might be physiologic and trivial, could be detected with pulsed Doppler echocardiography at a high incidence in healthy subjects. Thus a method for estimating pulmonary artery pressures based on Doppler-detected pulmonary regurgitation might have wide applicability.
The purposes of this study were to examine the detection rate of pulmonary regurgitation with continuous-wave Doppler echocardiography and to estimate pulmonary artery pressures by analyzing the flow velocity patterns of pulmonary regurgitation.
Methods
Patients. The study population consisted of 45 patients (20 men and 25 women, ages 8 to 78 years, mean age 51 ) who were admitted for cardiac catheterization. Cardiac catheterization was performed 18 to 24 hr after Doppler examination in 36 patients, within 1 week in five patients, and immediately after completion of the Doppler examination in four patients. Thirteen had predominant mitral valve disease, 13 had coronary artery disease, eight had congenital heart disease, five had dilated cardiomyopathy, four had primary pulmonary hypertension, one had hypertensive heart disease, and one had predominant aortic valve disease. Thirty-six patients were in sinus rhythm and the remainder had atrial fibrillation. The mean pulmonary artery pressures ranged from 9 to 87 mm Hg. Pulmonary hypertension was defined as mean pulmonary artery pressure greater than or equal to 20 mm Hg. There were 24 patients with mean pulmonary artery pressures in the 9 to 19 mm Hg range (the group without pulmonary hypertension), 14 in the 20 to 39 mm Hg range (the group with mild pulmonary hypertension), and seven in the 40 to 87 mm Hg range (the group with severe pulmonary hypertension).
Doppler examination. The Doppler examinations were performed with a duplex Doppler echocardiograph (Toshiba SDS-21B with SSH-40A) equipped with a 2.4 MHz phased-array transducer. Doppler measurements could be performed either in the pulsed Doppler mode or in the continuous-wave Doppler mode. In the pulsed Doppler mode, any cursor line could be interrogated for Doppler sampling, and the ultrasound bearn direction and the sample volume were monitored as a bright line and a spot on the line in the two-dimensional echocardiographic image. The sample volume was a cylinder with a diameter of 5 mm and a length of 2 mm at a depth of 10 cm, and the pulse repetition rate was 6 kHz. In the continuous-wave Doppler mode, the beam direction of the transmitted ultrasound was fixed and displayed as a bright dotted line in the two-dimensional echocardiographic image (figure 1). The beam direction of the received ultrasound was movable and displayed as a bright solid line in the two-dimensional echocardiographic image. In continuous-wave Doppler sampling, no specific depth gate is established, but the overlapped region of the transmitted and received beams should be most sensitively sampled. The Doppler beam has a diameter of 5 mm, and the angle between the transmitted and received beams is usually small in its clinical use; therefore, the overlapped region is long and all velocities along the lines are processed for velocity determination. Doppler signals derived from structures were minimized by a highpass filter, and all signals were analyzed in real time by the fastFourier transform. The Doppler flow velocity pattern and simultaneous lead 1I electrocardiogram were displayed on a monitor and recorded on videotape or on a strip-chart recorder at a paper speed of 50 to 100 mm/sec. The directions of the Doppler beams could be verified frequently during the examination by briefly switching to the imaging mode.
Each patient was asked to rest in a left lateral decubitus figure 6 ). Angle correction did not provide a significant improvement in the correlation (r 488 =.96,p<.01,SEE=4mmHg,y=0.93x-0).
The peak of the Doppler-determined pressure gradient was compared with mean pulmonary artery pressure in 30 patients in whom the peak of pulmonary regurgitant flow velocity was successfully measured (figure 7). They correlated well with each other (r = .92, p < .01, SEE = 5 mm Hg, y = 0.70 x -2).
Angle correction did not improve the correlation coefficient or SEE (r = .92, SEE = 7 mm Hg, y = 0.91 x -3).
Discussion
In this study, we analyzed pulmonary regurgitant flow velocity patterns to estimate pulmonary artery pressure. The pulmonary regurgitant flow velocity pattern, recorded with continuous-wave Doppler echocardiography, showed a characteristic contour, as reported previously.19 The pattern, characterized by a rapid rise in flow velocity immediately after closure of the pulmonary valve, relatively high peak flow velocity, and a gradual deceleration until the next pulmonary valve opening, was analogous to that of aortic regurgitation. 2-2 However, the peak velocity was much lower in pulmonary regurgitant flow than in aortic regurgitant flow, reflecting the smaller pressure gradient between pulmonary artery and right ventricle than between aorta and left ventricle.
A previous report20 showed that the presence or absence of pulmonary regurgitation might indicate the presence or absence of pulmonary hypertension. However, pulmonary regurgitation was successfully detected with continuous-wave Doppler echocardiography in about half of the patients without pulmonary hypertension in this study. This finding indicated that the presence of pulmonary regurgitation did not necessarily imply elevated pulmonary artery pressure. This is also supported by recent preliminary investigations.2' 22 Takao et al. 22 reported that pulmonary regurgitation could be detected in almost all healthy subjects by pulsed Doppler echocardiography. We could not detect pulmonary regurgitation with a detection rate as high as theirs; this may be explained by differences in patient selection, equipment, and technique. The incidence of detectable pulmonary regurgitation was not satisfactory, and the insufficient detection rate was one of the most important limitations of the study. However, further development of Doppler equipment may increase the detection rate of pulmonary regurgitation by continuous-wave Doppler echocardiography.
We showed that pulmonary regurgitant flow velocity became higher as pulmonary artery pressure increased. Miyatake et al. ,29 using pulsed Doppler echo- cardiography, reported that pulmonary regurgitant flow patterns exhibited a wide-band spectrum of the velocity component and sustained the same velocity throughout diastole in patients with pulmonary hypertension and that the pulmonary regurgitant flow velocity peaked in early diastole and then gradually slowed in later diastole in patients without pulmonary hypertension. These findings indicated that pulmonary regurgitant flow velocity in patients with pulmonary hypertension was so high that it produced an aliasing effect and velocity ambiguity in the pulmonary regurgitant flow velocity patterns, whereas in patients without pulmonary hypertension pulmonary regurgitant flow velocity was not high enough to produce the alias-(mmH%) determined pressure gradient at end-diastole correlated well with the catheterization-determined pressure gradient but underestimated the actual value in most patients. Underestimation of the pressure gradient by the Doppler method may be caused in part by the inability to align Doppler beams parallel to the direction of the pulmonary regurgitant jet. There are other possible explanations for this systematic underestimation. There is a tendency for Doppler signals of pulmonary regurgitation to be better imaged during inspiration, when increased flow into the right heart may lead to some increase in right ventricular end-diastolic pres- also appeared to be useful in predicting mean pulmonary artery pressure, since the correlation coefficient between them was .94. However, it might underestimate mean pulmonary artery pressure in patients with severe pulmonary regurgitation. As pulmonary regurgitation becomes more severe, the deceleration of pulmonary regurgitant flow velocity may become greater and the velocity at end-diastole may become lower, analogous to the findings in aortic regurgitation.27 '28 On the other hand, the peak of the Doppler-determined pressure gradient should hardly be affected by the degree of pulmonary regurgitation, analogous to the findings in aortic regurgitation.28 For these reasons, we examined the relation between the peak of the Doppler-determined pressure gradient during diastole and mean pulmonary artery pressure and found a good correlation between them. Unfortunately, cardiac catheterization and Doppler studies were not performed simultaneously in this study. The mean pulmonary artery pressures could change substantially with alterations in cardiac output. This may explain a wider scatter of individual points relating mean pulmonary artery pressure to peak Doppler-determined pulmonary artery-to-right ventricular pressure gradient. However, the correlation seemed to be good enough to estimate mean pulmonary artery pressure. Thus the measurements of pulmonary regurgitant flow velocities by continuous-wave Doppler echocardiography were useful in predicting not only end-diastolic but also mean pulmonary artery pressures.
Recently, several authors">'2 have demonstrated that acceleration time, the time from the onset of ejection to peak velocity, and/or its ratio to right ventricular ejection time are useful in estimating mean pulmonary artery pressure. We measured the indexes from the systolic flow velocity contours in all 31 patients and examined the correlation between the Doppler indexes and mean pulmonary artery pressures ( AcT/RVET = 10 -8(AcT/RVET) + 2.4
is present in a high proportion of patients with elevated pulmonary artery pressures, this method seems promising in the evaluation of pulmonary hypertension.
